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ABSTRACT
The detection of z > 6 quasars reveals the existence of supermassive black holes of a few
109 M⊙. One of the potential pathways to explain their formation in the infant universe
is the so-called direct collapse model which provides massive seeds of 105−106 M⊙. An
isothermal direct collapse mandates that halos should be of a primordial composition
and the formation of molecular hydrogen remains suppressed in the presence of a strong
LymanWerner flux. In this study, we perform high resolution cosmological simulations
for two massive primordial halos employing a detailed chemical model which includes
H− cooling as well as realistic opacities for both the bound-free H− emission and the
Rayleigh scattering of hydrogen atoms. We are able to resolve the collapse up to
unprecedentedly high densities of ∼ 10−3 g/cm3 and to scales of about 10−4 AU. Our
results show that the gas cools down to ∼ 5000 K in the presence of H− cooling, and
induces fragmentation at scales of about 8000 AU in one of the two simulated halos,
which may lead to the formation of a binary. In addition, fragmentation also occurs
on the AU scale in one of the halos but the clumps are expected to merge on short
time scales. Our results confirm that H− cooling does not prevent the formation of a
supermassive star and the trapping of cooling radiation stabilises the collapse on small
scales.
Key words: methods: numerical – cosmology: theory – early Universe – high redshift
quasars– black holes physics-galaxies: formation
1 INTRODUCTION
Supermassive black holes of a few million to billion so-
lar masses not only reside in the centres of present day
galaxies, but there is compelling evidence for their exis-
tence at z>6 from the observations of high redshift quasars
(Fan et al. 2006; Willott et al. 2007; Mortlock et al. 2011;
Venemans et al. 2013; Ban˜ados et al. 2014; Venemans et al.
2015; Wu et al. 2015). Through the stacking of X-ray ob-
servations, the accreted black hole mass density at z ∼ 6
has been estimated to be . 1000 M⊙ Mpc−3 (Treister et al.
2013). The formation of such massive objects within the
first billion years after the Big Bang is still a mystery. Var-
ious methods have been proposed in the literature to ex-
plain their existence such as stellar mass black holes from
population III stars (Johnson & Bromm 2007; Alvarez et al.
2009; Latif et al. 2013b; Madau et al. 2014), seed black
holes forming from the dynamical processes in dense stellar
clusters (Baumgarte & Shapiro 1999; Devecchi & Volonteri
2009; Lupi et al. 2014) and the collapse of protogalactic gas
⋆ Corresponding author: latif@iap.fr
clouds into a massive object, the so-called direct collapse
model (Rees 1978; Spaans & Silk 2006; Volonteri et al. 2008;
Latif et al. 2011, 2013a; Ferrara et al. 2014). Dedicated re-
views on these topics are given by Volonteri (2010) and
Haiman (2013).
The direct collapse scenario has been a topic of great
interest during the past decade as it provides massive seeds
of about 105 − 106 M⊙ which are two orders of magnitude
more massive than black hole seeds resulting from other
scenarios. The prime requirement for the direct collapse
is the presence of large inflow rates of ≥ 0.1 M⊙/yr to as-
semble a supermassive star which later collapses into a di-
rect collapse black hole (DCBH) via relativistic instabili-
ties (Begelman 2010; Schleicher et al. 2013; Hosokawa et al.
2013; Sakurai et al. 2015; Pacucci et al. 2015). Such large
inflow rates can be obtained either via dynamical processes
such as the bars-within-bars instability (Begelman et al.
2006; Begelman & Shlosman 2009) or thermodynamically
by keeping the gas warm which results in large sound
speed and consequently higher inflow rates (Schleicher et al.
2010; Latif et al. 2013d; Johnson et al. 2013; Latif et al.
2014; Yue et al. 2014). The latter mandates that the host
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halo should be metal free and illuminated by a strong Ly-
man Werner (LW) flux for which molecular cooling and
consequently, fragmentation remains suppressed (Omukai
2001; Shang et al. 2010; Regan et al. 2014; Visbal et al.
2014; Latif et al. 2015). The complete dissociation of molec-
ular hydrogen requires the presence of a strong LW flux
above a certain critical strength which depends on the spec-
tra of the stars (Sugimura et al. 2014; Dijkstra et al. 2014;
Agarwal & Khochfar 2015; Latif et al. 2015; Glover 2015;
Hartwig et al. 2015).
Numerous numerical experiments have been performed
to study the direct collapse scenario and show that in
the presence of an intense LW flux the formation of
molecular hydrogen remains suppressed and the collapse
occurs isothermally with T ∼ 8000 K (Bromm & Loeb
2003; Wise et al. 2008; Regan & Haehnelt 2009; Latif et al.
2013a; Prieto et al. 2013; Latif et al. 2014; Regan et al.
2014; Choi et al. 2015; Becerra et al. 2015). Moreover, these
simulations demonstrate that fragmentation occurs occa-
sionally but large inflow rates of about 0.1−1 M⊙/yr are avail-
able to grow massive objects in these conditions. Latif et al.
(2013d) and Shlosman et al. (2015) employed sink particles
to follow the long term evolution finding that massive object
of about 105 M⊙ can be formed within a million years which
confirms the feasibility of the direct collapse model. The role
of magnetic fields during the direct collapse scenario was ex-
plored by Latif et al. (2013c) and Latif et al. (2014) finding
that seed fields get amplified during the collapse via turbu-
lent dynamo and reach the equipartition field strength. Such
strong magnetic fields help in suppressing fragmentation and
transferring the angular momentum.
Starting from cosmological initial conditions, these sim-
ulations were able to resolve the collapse down to AU scales
but did not employ a detailed chemical model. These stud-
ies ignored H− cooling which is effective at densities between
10−16 − 10−8 g/cm3, and it can cool the gas down to a few
thousand K, and hence may induce fragmentation (Omukai
2001; Van Borm et al. 2014). To mimick the formation of a
protostar, cooling has been switched off in previous simula-
tions above a critical density (Latif et al. 2013a; Regan et al.
2014; Becerra et al. 2015), leading to an adiabatic evolution.
They found that although fragmentation is not completely
suppressed, large inflow rates may lead to the formation of a
supermassive star. On the other hand, improving on previ-
ous works Inayoshi et al. (2014) and Van Borm et al. (2014)
performed 3D simulations starting from idealised initial con-
ditions (a spherical gas cloud with a top hat density profile)
which included turbulence and rotation as well as H− cool-
ing and opacities for the H− bound-free emission, free-free
absorption and the Rayleigh scattering of hydrogen atoms.
They found that no strong fragmentation occurs under these
conditions. However, it is not yet clear what will be the im-
pact of these processes in cosmological simulations compared
to the adhoc initial conditions.
In this study, we perform the first cosmological simula-
tions resolving the collapse to unprecedentedly high densities
by employing a detailed chemical model which includes all
relevant chemical processes. Particularly, our simulations in-
clude H− cooling as well as realistic opacities for both atomic
and molecular hydrogen cooling which become relevant at
densities > 10−16 g/cm3. To achieve this goal, we took two
massive primordial halos of a few times 107 M⊙ and followed
their collapse down to about 10−4 AU and 2 × 10−3 AU, re-
spectively. To resolve turbulent eddies, we employed a fixed
Jeans resolution of 64 cells during the entire course of simu-
lations. Our results show that the formation of massive ob-
jects is plausible in the presence of H− cooling and realistic
opacities help stabilising the collapse on small scales.
This article is structured as follows. In section 2, we
discuss the initial conditions, provide the details of the nu-
merical methods and the chemical model employed in this
work. We present our main results in section 3. In section 4,
we summarise our main conclusions.
2 NUMERICAL METHODS
The simulations presented here are conducted using the open
source code Enzo1 (O’Shea et al. 2004; Bryan et al. 2014)
which is an adaptive mesh refinement, parallel, Eulerian grid
based cosmological simulations code. It can be ported to var-
ious platforms and has been widely used for high resolution
simulations. We employed the Runge Kutta based MUSCL
scheme to solve the hydrodynamical equations which is a
second-order modified form of the Godunov’s method. The
multi-grid Poisson solver is used for computing self-gravity.
The dark matter (DM) dynamics is solved using the particle-
mesh technique.
2.1 Simulations setup
We start our simulations from cosmological initial conditions
at z=100 and a top grid resolution of 1283 cells (1283 DM
particles). Our computational box has a comoving size of
1 Mpc/h. We first run DM only simulations to select the
most massive halo in our simulation volume at z=15. We
rerun the simulation with the most massive halos at the
center of the box and employ two additional nested refine-
ment levels each with a grid resolution of 1283 cells and
1283 DM particles. In total, we use 5767168 DM particles
which provide an effective DM resolution of about 600 M⊙.
To avoid numerical artefacts, we smooth DM particles at
the 12th refinement level i.e., 2.7 pc in comoving units. We
in total add 40 (36 for the halo 2) dynamic refinement lev-
els during the simulations in the central 62 kpc (comoving
units) which gives us an effective spatial resolution of 10−4
AU (2× 10−3 AU for the halo 2). Our refinement criterion is
based on the baryon density, the DM mass resolution and
a fixed Jeans resolution of 64 cells during the entire course
of the simulations. We refine the grid cells exceeding four
times the cosmic mean density or the DM particle density
0.0625 times ρDMr
ℓα where ρDM is the dark matter density, r
= 2 is the refinement factor, ℓ is the refinement level, and
α = −0.3 makes the refinement super-Lagrangian. We use
the WMAP 7 year data to generate cosmological initial con-
ditions (Jarosik et al. 2011).
We select two halos of 4×107 M⊙ (halo 1) and 6×107 M⊙
(halo 2) and assume that they are metal free. The properties
of the halos are listed in table 1. The collapse redshifts of
halo 1 and halo 2 are 10.7 and 10.1, respectively. Halo 2
is more massive, collapses about 10 Myrs later compared
1 http://enzo-project.org/
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to halo 1 and has a higher viral temperature. Halo 2 has a
slightly higher spin due to the later collapse time.
Latif et al. (2015) found that about 50 % of ha-
los within this mass range are metal free at z=10. We
assume that these halos are illuminated by a uniform
strong LW flux of strength 105 in units of J21 where
J21 = 1 is 10−21 erg/cm2/s/Hz/sr. One-zone calculations of
Sugimura et al. (2014) and Agarwal & Khochfar (2015) sug-
gest that the value of Jcrit for realistic spectra of the first
galaxies is about 1000. However, 3D cosmological simula-
tions show that one-zone models often underestimate the
value of Jcrit due to their inability to model the collapse
dynamics and hydrodynamical effects including in partic-
ular the virial shock (Shang et al. 2010; Latif et al. 2014;
Regan et al. 2014; Latif et al. 2015). The strength of the
LW flux (J21 = 105) employed here is about a factor of
two above the Jcrit found from 3D cosmological simulations
by Latif et al. (2014, 2015) for realistic spectra of the first
galaxies. This choice of the flux ensures that the collapse oc-
curs isothermally and molecular hydrogen cooling remains
suppressed. The LW flux with Trad = 2 × 104 K is turned
on at z=30. We stop our simulations when a peak density
of 2 × 10−3 g/cm3 and 10−5 g/cm3 is reached in halo 1 and
halo 2, respectively. At these densities the protostar begins
to form and the collapse is expected to evolve adiabatically
during the later stages.
2.2 Chemical model
We employ the chemical package KROME (Grassi et al.
2014) to solve the thermal and chemical evolution of
the gas along with cosmological simulations. We solve
the rate equations of the following primordial species
H, H+, H−, He, He+, He++, H2, H+2 , e
− and couple them with
hydrodynamics. We ignore the deuterium species as they can
only can be relevant when gas temperature is about 200 K.
Furthermore, the HDmolecule easily gets dissociated even in
the presence of a weak LW flux. The chemical network used
in this study is listed in the appendix table 1 of Latif et al.
(2015). In our model, we include the formation, the photo-
dissociation and the collisional dissociation of molecular hy-
drogen, the photo-detachment of H−, the photo-dissociation
of H+2 as well as collisional ionisation and radiative recombi-
nation reactions of various species. We implemented a com-
prehensive model of cooling/heating which consists of cool-
ing due to the collisional excitation, collisional ionization,
radiative recombination, Bremsstrahlung radiation, molec-
ular hydrogen, collision induced emission, chemical heating
and cooling from three-body reactions. For molecular hydro-
gen cooling, we use the expression for the escape probability
provided by Omukai (2000) and employ the H2 self-shielding
fitting formula given by Wolcott-Green et al. (2011).
For this study, as we explore the high density regime, we
also include H− cooling which is due to the energy liberated
in the form of a photon produced during the radiative as-
sociation of hydrogen atoms with electron. The net cooling
rate can be approximated as (Omukai 2001; Schleicher et al.
2010; Van Borm et al. 2014):
ΛH− ≈ kH−nHneEγ (1)
where Eγ is the energy carried by a photon, which is ap-
proximately E0 + kBT where E0 is the binding energy of H−
∼ 0.75 eV and kB is the Boltzmann constant. At densities of
about 10−8 g/cm3, the gas cloud becomes optically thick both
to the H− bound-free emission and the Rayleigh scattering
of hydrogen atoms. Consequently, cooling is suppressed as
both of these are important coolants in the high density
regime. To take into account these effects, we apply optical
depth approximations both for the Rayleigh scattering of H
atoms and the H− bound free absorption. The optical depth
correction for the Rayleigh scattering of H atoms is given as
(Omukai 2001; Van Borm et al. 2014)
τRS = σRS nHλJ/2 (2)
where nH is the number density of H atoms, λJ is the Jeans
length and σRS is the Rayleigh scattering cross-section for
hydrogen given as
σRS = 5.799×10−29λ−4+1.422×10−30λ−6+2.784×10−22λ−8 cm2(3)
where λ is the wavelength in µm. The collisional excita-
tion cooling rate is multiplied by exp(−τRS ). Further de-
tails about these processes are given in Omukai (2001)
and Van Borm et al. (2014). At densities between 10−7 −
10−5 g/cm3, collisional ionisation cooling becomes opera-
tional and keeps the gas temperature of about 104 K. Above
10−4 g/cm3, the collapse proceeds adiabatically and the pro-
tostar is expected to form at this stage.
3 RESULTS
We present here the main findings of this study. In the fol-
lowing subsections, we discuss the thermal, chemical and
dynamical properties of the halos at the final state of our
simulations. In the end, we estimate the amount of frag-
mentation and discuss the impact of H− cooling.
3.1 Thermal and chemical properties
The halos in our simulations are assembled via the grav-
itational collapse of density perturbations in the DM po-
tentials. They further grow via accretion from the cosmic
web and the merging of minihalos of about 105 − 106 M⊙.
In the presence of an intense LW flux, cooling due to the
molecular hydrogen remains suppressed and the halo mass
reaches the atomic cooling threshold. The masses of the halo
1 and halo 2 are 4 × 107 M⊙ and 6 × 107 M⊙ and the col-
lapse redshifts are 10.7, 10.1, respectively. As shown in fig-
ure 1, the collapse occurs isothermally with a temperature
of about 8000 K under the intense LW flux and the forma-
tion of molecular hydrogen remains suppressed. At densities
between 10−16 − 10−8 g/cm3, the H− cooling becomes a strong
contributor and brings the gas temperature down to ∼ 5000
K. At densities of 10−16 g/cm3, the gas becomes optically
thick both to the H− and the collisional excitation cooling of
hydrogen atoms, and the gas temperature starts to increase.
The collisional ionisation cooling takes over and keeps the
temperature close to 104 K. The gas becomes completely op-
tically thick to cooling radiation at densities ≥ 10−4 g/cm3
and thereafter the collapse proceeds adiabatically. The ther-
mal evolution is similar in both halos but the impact of
H− cooling is more prominent in the halo 2 compared to
the halo 1. Inayoshi et al. (2014) performed idealised simu-
lations for a collapsing cloud without any LW flux finding
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4 Latif et al.
.
Table 1. Halo properties.
Model Mass Redshift Rvir spin parameter Gravitational energy Vrms Tvir
No MDM
⊙
,Mgas
⊙
z kpc λDM , λgas erg/s km/s K
1 4 × 107, 7.7 × 106 10.7 1.3 0.03, 0.028 6.37 × 1052 18 1.3 × 104
2 6 × 107, 1.1 × 107 10.1 1.49 0.034, 0.033 1.25 × 1053 21 1.8 × 104
that the gas becomes optically thick to cooling radiation al-
ready at ≥ 10−8 g/cm3 and the temperature rises to about
2 × 104 K. In our case collisional ionisation cooling proceeds
up to 10−4 g/cm3 and keeps the temperature close to 104K. In
comparison with Inayoshi et al. (2014), the temperature is
about a factor of two lower at densities of 10−7 g/cm3 as col-
lisional ionisation cooling is not explicitly included in their
model. A direct comparison of the thermal properties with
Regan et al. (2014) and Becerra et al. (2015) is not possi-
ble as they ignored both H− cooling and realistic opacities
for atomic line cooling. At densities > 10−4 g/cm3, we reach
the resolution limit of our simulations but we expect a close
to adiabatic evolution in this regime. In spite of these differ-
ences, our results for the thermal and chemical properties are
quite similar to Inayoshi et al. (2014) and Van Borm et al.
(2014) because of the self-similar behavior of the isothermal
run-away collapse.
The mass fractions of various chemical species are
shown in the bottom panel of figure 1. The gas remains
almost neutral with a mass fraction of 0.75 for both halos
while for the halo 1 it declines in the very centre due to the
formation of molecular hydrogen. The fraction of molecu-
lar hydrogen gets boosted during the collapse at densities
≥ 10−6 g/cm3 due to the three-body processes. However, the
cooling from molecular hydrogen remains negligible as the
gas at these densities is optical thick to H2 cooling. Both
electron and H− fractions decrease with radius down to 10
AU due to the decline in the gas temperature and increase
again in the centre of the halo as the temperature rises be-
cause of the trapping of the cooling radiation.
3.2 Physical and dynamical properties
The peak density reached in our simulations for halo 1 is
2 × 10−3 g/cm3 while it is ∼ 10−5 g/cm3 for halo 2 as shown
in the top panel of figure 2. The density increases with R−2
for both halos as expected for an isothermal collapse (Larson
1969; Penston 1969) and flattens out within the central core.
This is known as the core-envelope structure, where the core
has a constant density and the envelope has R−2 profile. The
bumps in the density profile around 10 AU for halo 1 and 104
AU for halo 2 are due to the presence of additional clumps on
these scales. The total gas mass within the central 30 pc of
the halo is about 2 × 106 M⊙ and the mass profile increases
linearly with the radius while it drops sharply inside the
central core. The average temperature above ≥ 105 AU is
about 8000 K, drops down to ∼5000 K between 2-100 AU
due to the H− cooling and below 1 AU temperature starts to
increase again to 104 K as the cooling radiations is trapped.
The estimates of the mass inflow rates suggest that large
inflows of about 1 M⊙/yr are available down to 10−2 AU. The
small wiggles on the mass inflow rates are due to the presence
of additional clumps in both halos which are also reflected
in the density profiles. In contrast to the envelope, the mass
inflow rate drops in the core for both halos. This comes from
the fact that the radial infall velocity depicted in the bot-
tom panel of figure 2 becomes zero in the core and is high
inside the envelope with ∼ 15 km/s. This is the characteris-
tic of a runaway collapse and has been observed previously.
The typical turbulent velocity is about 10-25 km/s and in-
creases towards the centre due to the larger infall of the gas
in the halo centre. It is about a factor of 1.5 higher in the
halo 1 compared to the halo 2. The typical rotational ve-
locity in the envelop is about 15 km/s in both halos and
shows a self-similar behaviour in the envelope as shown by
Saigo & Hanawa (1998). However, in the central core the ro-
tational velocity is higher in halo 2 compared to the halo 1.
The sound speed (cs) is about 10 km/s and follows the tem-
perature profile. To assess the scale height of a rotationally
supported structure which is expected to form as a conse-
quence of angular momentum conservation (Oh & Haiman
2002; Volonteri & Rees 2005; Latif & Volonteri 2015), we
computed Vrot/σ where Vrot is the rotational velocity and
σ is the velocity dispersion (
√
c2s + V2turb). Vrot/σ is inversely
proportional to the scale height (H/R) and is shown in fig-
ure 2. The ratio of Vrot/σ is about ∼ 0.7 for halo 1 and 1.0
for the halo 2. In the very central part of the halo Vrot/σ is
higher for halo 2 while it declines for halo 1. These estimates
of Vrot/σ suggest that a thick disk-like structure is formed
in each halo and is partly supported by thermal pressure.
Overall, both halos in our study show a similar be-
haviour for the chemical and physical properties. However,
the differences in the dynamical properties are a consequence
of higher turbulent energy (i.e. higher kinetic energy) in halo
1 and enhanced rotation at small scales in halo 2. We discuss
their implications in the section below. In general, our esti-
mates of rotational, turbulent and radial infall velocities are
comparable with previous studies exploring the collapse un-
der similar conditions (Latif et al. 2013a; Regan et al. 2014;
Becerra et al. 2015). Particularly, the mass inflow rate is
0.1− 1.0 M⊙/yr as found in the above mentioned studies and
meets the requirement for the formation of a supermassive
star (Schleicher et al. 2013; Hosokawa et al. 2013).
3.3 Fragmentation
We found that no fragmentation occurs above a parsec scale
in both halos which is in agreement with previous simu-
lations (Latif et al. 2013a; Regan et al. 2014; Becerra et al.
2015). While within the central 0.1 pc, as shown in figure
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3, halo 2 fragments into two clumps while halo 1 has only a
single clump on this scale. The clump masses in halo 2 are
about 4 M⊙ and 2 M⊙ while the clump in halo 1 has a mass
of about 5 M⊙. Fragmentation at these scales is due to H−
cooling which becomes effective in this regime and induces
fragmentation in halo 2. It is further evident from figure 1
that the H− cooling is more prominent in halo 2. Similarly,
the decrease in the temperature is visible in the correspond-
ing temperature map shown in figure 4. The clumps in halo
2 are about 8000 AU apart and may evolve into a binary at
later stages. The density structure at even smaller scales, i.e.
the central 20 AU, is shown in figure 5. The cloud structure
in halo 1 is more filamentary at these scales and two frag-
ments of 0.9 M⊙ and 0.4 M⊙ are formed within the central
few AU. In the case of halo 2, no fragmentation is observed
on these scales and a disk-like structure is formed at its cen-
tre. There is more rotation in halo 2 at these scales as shown
in Vrot/σ plot which leads to the formation of a disk. In the
halo 1 there is less rotation and no disk like structure is
formed on the scales of a few AU.
To assess the stability of the disk as suggested by the
estimates of Vrot/σ in both halos, we computed the Toomre
stability parameter Q (Toomre 1964). The Toomre Q is cal-
culated as Q ≃ σΩ
πGΣ where σ is the velocity dispersion, Ω is
the rotational frequency, G is the gravitational constant and
Σ is the surface density of the gas. Our estimates of Toomre
Q are shown in figure 6. The disk is stable if Q≥ 1 and unsta-
ble otherwise. We found that the disk is stable below 1 AU
and above 105 AU while in between it is marginally stable
for both halos. The wiggles in the plot are due to the sub-
structure present inside the disk. Particularly, the sharp dip
in the value of Toomre Q at 104 AU corresponds to the ad-
ditional clump in the halo 2 and similarly in the halo 1 due
to the clump at 1 AU scale. The stability of the disk on very
small scales arises from the trapping of cooling radiation and
the marginally stable regime is a consequence of H− cooling.
Indeed, H− cooling in this regime lead to fragmentation in
halo 2 where clumps are separated by a few thousand AU.
We expect no further fragmentation on smaller scales as all
cooling channels are shut off and the collapse is expected
to proceed adiabatically. However, fragmentation between 1
AU and 104 AU may still occur at later times. Nevertheless,
the clumps forming in the central 100 AU may migrate in-
ward and merge with the central clump (Inayoshi & Haiman
2014; Latif & Schleicher 2015a,b). On the other hand, frag-
mentation at larger scales as seen in halo 2 may lead to the
formation of a binary system.
To summarise, our results suggest that H− cooling can
induce fragmentation at a few 1000 AU such as in halo 2
but does not prevent the formation of a supermassive star
at the center of atomic cooling halos where molecular hydro-
gen cooling remains suppressed. However, the impact of H−
cooling may vary from halo to halo. Halo 1 has a higher tur-
bulent energy which prevents fragmentation at larger scales
(around a few thousand AU). The higher rotation at small
scales (a few AU) in halo 2 helps in the formation of a stable
disk at small scales, the disk around the central star in halo
1 is expected to form during the later stages of collapse. We
note that fragmentation in the previous studies without H−
cooling (Latif et al. 2013a; Regan et al. 2014; Becerra et al.
2015) occurred due to the unstable disk around the cen-
tral protostar on scales of the order of ∼ 100 AU at later
times. Due to their simplified chemical networks and the
lower spatial resolution these studies were able to evolve the
simulations for a few dynamical timescales and therefore the
central clumps masses were higher compared to the present
study. The masses of the central clumps in both halos are
a few solar masses but are expected to grow rapidly due to
the presence of large accretion flows. We anticipate that the
central clumps may experience intermittent accretion due
to the clumpy medium inside the halo and the migration of
additional clumps at later times. We further expect that the
central clump may reach ∼ 105 M⊙ within a Myr. Overall,
fragmentation induced by H− cooling is different from the
disk fragmentation around a protostar as the former occurs
at scales where the clump migration time is considerably
longer, potentially leading to the formation of a binary.
4 DISCUSSION AND CONCLUSIONS
We performed high resolution cosmological simulations for
two halos of a few times 107 M⊙ at z >10 by employing a de-
tailed chemical model which includes all the relevant chemi-
cal processes mentioned in the section 2. We presumed that
the halos are metal free and illuminated by a strong LW flux
emitted from a nearby star forming galaxy. In this study, we
particularly explored the impact of H− cooling and employed
realistic opacities both for the H− and the collisional exci-
tation cooling. By exploiting the adaptive mesh refinement
technique, we resolved the collapse down to the scales of 10−4
AU and up to unprecedented densities of ∼ 10−3 g/cm3.
Our results show that collapse proceeds isothermally
with a temperature of 8000 K up to densities of 10−16 g/cm3,
H− cooling becomes effective between densities of 10−16 −
10−8 g/cm3, and brings the gas temperature down to 5000
K. Above densities of 10−6 g/cm3, the gas starts to become
optical thick both to the bound-free H− emission and the
Rayleigh scattering of H atoms. Consequently, the tempera-
ture rises but the collisional ionisation cooling operates up to
densities of about 10−4 g/cm3 and and keeps the temperature
at about 104 K. At even higher densities, the collapse is ex-
pected to become completely adiabatic and a supermassive
protostar is expected to form at this stage. The gas remains
largely neutral during the collapse, the degree of ionisation
slightly decreases during the H− cooling phase and starts to
increase again as the gas becomes optically thick to cooling
radiation.
The density follows an R−2 profile as expected from an
isothermal collapse. Large inflow rates of about 1 M⊙/yr are
observed down to a scale of 10−3 AU. Our estimates of Vrot/σ
show that a rotationally supported disk-like structure with
scale height of 0.6 is formed in both halos. H− cooling in-
duces fragmentation in halo 2 at scales of about 8000 AU
which later may lead to binary formation. Moreover, frag-
mentation also occurs even on a scale of about 1 AU in halo
1. Overall, our results suggest that although fragmentation
occasionally occurs, H− cooling does not prevent the forma-
tion of massive objects. The trapping of cooling radiation
enhances the gas temperature below 1 AU and stabilises the
collapse. No fragmentation is expected below the resolved
scales but fragmentation may occur above 1 AU at later
times but we expect the clumps to get merged on shorter
time scales (Latif & Schleicher 2015a,b).
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In one of the two simulated halos H− cooling induces
fragmentation at scales of about 8000 AU which may later
form a binary system. Our simulations do not allow us to
estimate how often a binary formation may take place as our
sample size is too small and due to the exorbitant computa-
tional costs simulations could not be evolved for longer time
scale. In the future, such simulations should be performed
for a larger sample of halos to estimate how often such con-
ditions can occur. Our calculations approximately take into
account the bound-free H− absorption and the Rayleigh scat-
tering opacities. Three dimensional cosmological hydrody-
namics simulations employing complete radiative transfer
should be performed to better understand the role of ra-
diation trapping during the direct collapse.
The comparison of our study with simulations employ-
ing adhoc initial conditions suggests that the chemical and
thermal properties in both cases are similar due to the self-
similar behaviour of the run-away collapse. However, dynam-
ical properties such as the turbulent velocity dispersion, an-
gular momentum and rotational velocities are different. The
complex interplay between turbulence, rotation, thermody-
namics and angular momentum transfer can lead to differ-
ences in fragmentation. The role of the initial conditions be-
comes more relevant after the formation of an accretion disk
and requires realistic cosmological simulations to take into
account these effects. Moreover, simulations with simplified
non-cosmological initial conditions may miss gravitational
torques from the neighbouring halos and large scale inflows
which are important for the long term evolution of the cen-
tral objects in these halos.
We employed here a strong LW flux of strength J21 =
105 which is required to ensure an isothermal collapse
in the halos studied here. Such strength of the LW flux
in combination with metal free halos makes the sites of
DCBHs quite rare (Dijkstra et al. 2014; Inayoshi & Tanaka
2015; Habouzit et al. 2015). However, recent studies by
Latif & Volonteri (2015), Latif & Schleicher (2015b) and
Schleicher et al. (2015) suggest that a completely isother-
mal collapse may not always be necessary to form massive
black holes seeds.
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Figure 1. The density-temperature phase diagram and the spherically averaged abundances of chemical species for halo 1 (red line) and
halo 2 (blue line) at the end of our simulations. The figure shows that the gas in the halos collapses almost isothermally up to densities
of 10−16 g/cm3 and H− cooling becomes effective at densities > 10−16 g/cm3 and cools the gas down to about 5000 K. Above densities of
10−8 g/cm3, the gas becomes optically thick to both the H− and the collisional excitation cooling and the temperature starts to increase.
The collisional ionisation cooling keeps the gas temperature to 104 K up to 10−4 g/cm3 and thereafter the collapse is expected to proceed
adiabatically as all cooling channels shut down.
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Figure 2. Spherically averaged and radially binned radial profiles at the end stage of our simulations are shown here. In the top panel,
the density, the temperature, the enclosed gas mass and the mass inflow rates while in the bottom panel, the radial velocity, the turbulent
velocity, the sound speed and the ratio of Vrot/σ. The red and blue lines represent halo1 and halo 2, respectively. The figure shows the
average behaviour of the above mentioned quantities at various stages of the collapse including the initial isothermal collapse, the H−
cooling and the radiation trapping regimes.
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Figure 3. The average density along the projection axis at the end stage of our simulations. The rows represent halo 1 and halo 2 while
the columns from left to right show projections along x, y and z axis for the central 0.1 pc. The figure shows that only single object forms
in the halo 1 while halo 2 shows two clumps. The masses of the clumps are a few M⊙ at this stage but are expected to grow rapidly at
later times.
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Figure 4. Same as figure 3, showing the average temperature along the projection axis. The figure shows the local impact of H− cooling.
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Figure 5. The average density along the projection axis at the end stage of our simulations. The rows represent halo 1 and halo 2 while
the columns from left to right show projections along x, y and z axis for the central 20 AU part of both halos. It shows that on very
small scales the halo 1 is fragmented into two clumps while halo 2 has only single clump at its centre.
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Figure 6. Toomre instability parameter ”Q” for both halos at the end stage of our simulations. The red and blue lines represent halo1
and halo 2, respectively. The plot shows that disks in the halos become marginally unstable between 1-10,000 AU due to the H− induced
cooling. However, overall no strong fragmentation is expected.
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